Purpose: To develop an improved chemical shift-based water-fat separation sequence using a water-selective inversion pulse for inversion recovery 3D contrastenhanced cardiac magnetic resonance imaging (MRI).
OBESITY AND VISCERAL FAT are associated with a variety of cardiovascular diseases including coronary artery disease, cerebral vascular disease, and stroke (1) (2) (3) (4) (5) . Pericardial fat volume is associated with coronary atherosclerotic plaque burden in asymptomatic individuals (6) . The thickness of epicardial adipose tissue is an emerging biomarker strongly associated with the likelihood of having detectable carotid atherosclerosis (7) . The presence of fatty infiltration is also a hallmark pathological feature of arrhythmogenic right ventricular cardiomyopathy (ARVC) (8) (9) (10) (11) . Fatty infiltration has been observed in transplanted hearts in regions of healed myocardial infarction, with higher fat volumes in patients with a history of coronary bypass grafting (12) . The 3D distribution of epicardial fat is also important in percutaneous epicardial mapping because of its correlation with the electroanatomical voltage attenuation maps (13) . Pericardial fat volume is highly associated with paroxysmal and persistent atrial fibrillation (AF) (14) . For these reasons, the noninvasive imaging assessment of the presence of fatty infiltration and the quantification of epicardial fat thickness has important prognostic value in cardiovascular disease. Multidetector computed tomography (MDCT), echocardiography, and magnetic resonance imaging (MRI) all have the ability to image fat. Conventional approaches based on fat suppression in MRI are established techniques for the assessment of the presence or absence of fat (15) . Fast spin echo (FSE) sequences, although providing good suppression of the ventricular blood pool and high signal from fat, are not optimal due to the resulting image blurring from the long echo train (16) . Chemical shift-based water-fat separation methods (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , in which multiple echoes are acquired, can also be used to reconstruct simultaneous fat and water images, thereby improving the sensitivity of fat detection using a positive fat contrast.
Quantification of the fat volume surrounding the heart and coronary vasculature is more frequently performed using MDCT because of its higher spatial resolution and volumetric coverage. Chemical shift based water-fat separation methods or spin-echo imaging with or without fat sat are performed using multislice 2D acquisitions, which has limited spatial resolution, especially in through-plane that limits the accuracy of fat quantification. 3D imaging approaches can be utilized with chemical shift based water-fat suppression to better assess the fat surrounding the heart and coronaries (27, 28) . The inflow saturation in large slab 3D whole heart acquisitions necessitates a high-resolution steady-state free-precession (SSFP) sequence with use of T 2 magnetization preparation (29) (30) (31) . However, multiecho SSFP sequence with long TR is associated with banding artifacts and not suitable for fat-water separation reconstruction techniques. Therefore, a spoiled gradient echo (GRE) imaging sequence with use of exogenous contrast agents for 3D volumetric coverage is needed. In 3D contrast-enhanced wholeheart GRE, an inversion pulse (32, 33 ) is used to improve the contrast. While an inversion pulse improves the contrast, it will decrease the fat signal because of short available recovery time. Therefore, for 3D whole-heart coverage of fat, methods to improve the fat signal to noise ratio (SNR) are needed.
The presence of fatty infiltration in chronic myocardial infarction using multiecho chemical shift-based water-fat separation methods have also been demonstrated recently (34) (35) (36) (37) (38) . In these studies, two scans are typically performed: one in which a fat sensitive imaging sequence (ie, multiecho chemical shift-based water-fat separation methods) is used to image the fat prior to contrast administration and a second scan in which a late gadolinium enhancement (LGE) imaging sequence (39) at the same orientation is acquired 15-20 minutes after contrast infusion. This usually requires two separate scans, which may be prone to slice misregistration in addition to increasing the scan time. Kellman et al (38) evaluated a combined approach in which an LGE sequence is combined with a multiecho chemical shift-based water-fat separation acquisition. In this study, the SNR of precontrast, multiecho, fat-separated images was $2.6 times that of postcontrast LGE (38) . Similar to whole-heart GRE with inversion pulse, this signal loss is mainly associated with application of an inversion pulse (IR) (40) and incomplete fat signal recovery in the LGE sequence.
In this study we propose and evaluate an improved 3D inversion recovery-based water-fat separation sequence in which the fat signal is retained during the imaging by the application of a spectrally selective water inversion pulse. We hypothesize that this approach allows simultaneous visualization of fat and water in postcontrast data acquisition with minimal SNR penalty for fat.
MATERIALS AND METHODS
All images were obtained using a 1.5-T Achieva magnet (Philips Healthcare, Best, the Netherlands) with a 5-channel phased-array coil. The acquired MR data were transferred to a stand-alone computer and the image reconstruction was performed offline using MatLab (MathWorks, Natick, MA). All in vivo studies were approved by our Institutional Review Board and all subjects provided written consent prior to study participation. Figure 1 shows the schematic of the 3D imaging sequence used in this study. A 3D free-breathing and electrocardiogram (ECG)-triggered multiecho gradientecho (GRE) imaging sequence was implemented. To selectively invert the water signal, a water selective inversion radiofrequency (RF) pulse, tuned to the resonance frequency of water, was applied prior to data acquisition. To allow imaging with higher spatial Figure 1 . Schematic of the free-breathing, ECG-gated multiecho chemical shift based water-fat separation acquisition. A water selective inversion pulse is applied to selectively invert the water signal. A respiratory navigator (NAV) restore pulse selectively restores magnetization of the right hemidiaphragm. NAV gating is used for respiratory motion suppression. A threeecho acquisition with flyback readout is used for data acquisition.
Imaging Sequence
resolution and full coverage of the heart, a respiratory navigator with a 5-mm acceptance window was used for respiratory motion compensation (41, 42) . All imaging was performed in the diastolic rest period.
Image Reconstruction
Water-fat separation was performed offline using the iterative decomposition with echo symmetry and least-squares (IDEAL) technique (20) . In this technique, alternate iterations between fat, water signal estimate, and field map are used to solve nonlinear signal equations and simultaneously reconstruct fat and water images and a field map. A region-growing process, which correlates the estimation among neighboring pixels, was used to avoid convergence to incorrect field map solutions (23) . The field map is estimated from a low-resolution dataset prior to the IDEAL reconstruction assuming the single peak spectral model of fat without T Ã 2 correction.
Phantom Experiment
To investigate the impact of a water-selective inversion pulse for different ranges of T 1 s and fat, a phantom experiment was performed. The phantom contains multiple vials containing gadolinium-doped water with different T 1 s and a vegetable oil vial. Analogous to in vivo studies, a simulated-ECG triggered, 3D GRE sequence with three echoes was used. For each choice of inversion time, two sets of images were acquired: one with nonselective IR and one with water-selective IR. The imaging parameters were as follows: 3D multiecho GRE TR/TE 1 /TE 2 /TE 3 /a ¼ 8.0/1.5/4.0/6.5/ 15
, field of view (FOV) ¼ 300 Â 300 Â 100 mm 3 , true spatial resolution 1.5 Â 1.2 Â 2.0 mm 3 interpolated to 0.6 Â 0.5 Â 2 mm 3 through zero-filling, and inversion times (TIs) from 150 msec to 300 msec with 50-msec interval. Raw k-space data were transferred to a standalone computer, where fat-water separation was performed. The image reconstruction was identical for both phantom and in vivo measurements. Regions-ofinterest (ROIs) were drawn in the three mid-slices for each vial in water-selective IR. These ROIs were copied to the same locations in the images acquired with nonselective IR. The noise was measured in an ROI outside the phantom. The SNR for each region was then calculated as the ratio of the mean signal intensity to the standard deviation of the noise.
In Vivo Imaging

Healthy Subjects
Nine healthy subjects (six female, three male, mean age 26.1 6 7.7 years) were recruited for contrastenhanced whole heart multiecho GRE with water selective IR. 0.2 mmol/kg of gadobenate dimeglumine (Gd-BOPTA; MultiHance; Bracco Imaging, Milan, Italy) was injected intravenously using 2 mL/s bolus infusion, followed by 20 mL of saline at the same injection rate. A Look-Locker sequence was used to visually determine the optimal TI. A 3D free-breathing ECG-triggered, navigator-gated multiecho GRE sequence was performed. A water selective inversion pulse with the optimal TI was used to suppress myocardial signal. The imaging parameters were TR/TE 1 . Total scan time for the in vivo studies was 9 minutes, assuming a navigator efficiency of 50%. Because of changes in the contrast level in the blood and myocardium that directly impact SNR, only one scan using water-selective IR was performed. In a subset of four subjects, imaging was repeated using a nonselective IR pulse in a different imaging visit at least 1 month after the first scan. Raw k-space data were transferred to a stand-alone PC where water-fat separation using IDEAL was performed.
Patient Study
In a prospective study performed to demonstrate the utility of the proposed imaging sequence, we recruited 10 patients. Nine patients (three female, six male, mean age 57 6 11 years) were referred for evaluation of ARVC and one patient (female, 56 years) was referred for evaluation of mass/tumor in the left atrium. Prior to contrast injection, each subject was imaged using a standard clinical free-breathing turbospin echo (TSE) imaging sequence with and without fat saturation with TE: 10 msec, TR: 1 heartbeat, TSE factor: 17-23 based on the heart rate, echo spacing: 6 msec, asymmetric k-space profile order, bandwidth (BW): 741 Hz/pixel, FOV: 300 Â 300 Â 116 mm 3 , and spatial resolution: 1.5 Â 1.5 Â 8 mm 3 . All patients received 0.2 mmol/kg gadobenate dimeglumine (Gd-BOPTA; MultiHance; Bracco Imaging) or Gd-DTPA (Magnevist, Berlex Laboratories, Wayne, NJ) intravenously using 2 mL/s bolus infusion followed by 20 mL of saline chaser at the same injection rate. A LookLocker sequence was used to visually determine the optimal TI prior to data acquisition that nulls left ventricle myocardium signal. Subsequently, each subject was imaged using the proposed water-selective IR multiecho GRE sequence. All imaging was performed 15-25 minutes postcontrast injection. A free-breathing ECG-triggered navigator-gated multiecho GRE sequence with a water-selective IR was used for acquisition. The imaging parameters were identical to the ones used for experiments performed in healthy subjects. Since 3D acquisition was used for chemical-shift water/fat separation sequence, a higher through-plane resolution of 2 mm was used compared to 2D TSE sequence, which has 8 mm through-plane resolution.
Image Analysis
For all subjects, qualitative assessment of the images reconstructed using IDEAL was performed by two experienced readers in terms of visualization of the fat using a four-point scale system: 1, poor; 2, fair; 3, acceptable; and 4, excellent water and fat visualization. Due to the limited number of subjects with repeat visits, no statistical comparison was performed. For all patients, separate subjective scores were given to TSE images acquired with and without fat saturation and a Wilcoxon Signed-Rank test was performed for comparison between images acquired with TSE and inversion recovery-based sequence. All measurements are presented as mean 6 one standard deviation and P 0.05 was considered statistically significant. Figure 2 shows a representative slice from the phantom experiment, comparing images acquired using nonselective (top row) and water selective inversion (bottom row) with different inversion times of 150 msec, 200 msec, and 300 msec. The fat signal is significantly decreased in images acquired with nonselective inversion; however, the use of a water-selective inversion retains fat signal allowing robust water-fat separation. Figure 3 shows quantitative SNR improvements for fat. As expected, the SNR gain depends on the choice of the inversion time. For shorter inversion times, fat recovery is incomplete; therefore, SNR gain is higher. We have chosen different ranges for inversion time with two main applications in mind, contrast-enhanced coronary MRI and LGE. While for the former, a short inversion time (ie, 150-200 msec) is used, for the latter a longer inversion time (ie, 250-300 msec) is needed. Results also show minimal impact on SNR of the other two vials. The latter reflects other tissues in order to compare their SNR loss opposed to fat and water.
RESULTS
Phantom
In Vivo Imaging
Healthy Subjects
Fat water separation was successfully performed in all subjects with a score of 3.7 6 0.6. Figure 4 shows an example slice in a subject who was imaged in two visits, one using water-selective and one with nonselective IR sequence. Both images were acquired using IDEAL sequence with three echoes using the same imaging protocol and timing after contrast injection. The images show superior fat visualization in images acquired with the water-selective inversion. There are some residual respiratory motion artifacts from the chest wall due to insufficient respiratory motion gating of respiratory navigator for 3D free-breathing scan.
Patient Study
Imaging and reconstruction was successfully performed in all patients with a subjective score of 3.5 6 0.7. Figure 5 shows images from the water-fat acquisition and reconstruction from a patient with suspected ARVC. Fatty infiltration in the RV free wall is Figure 3 . SNR increase between nonselective and waterselective IR for sample vials of V1 and V2 (arrows in Fig. 2 ) and fat (vegetable oil) for different inversion times.
well visualized, which may significantly increase the confidence level of its presence. Due to the improved spatial resolution and 3D coverage of the heart, the presence of fat was confirmed in all neighboring slices. The images acquired with the proposed sequence were scored higher than the ones acquired using TSE with and without fat saturation (3.5 6 0.7 vs. 2.2 6 0.5, P < 0.05). Images from the patient with a suspected mass/tumor demonstrate the presence of fatty mass in the left atrium.
DISCUSSION
In this study, an improved inversion recovery sequence for water-fat separation was proposed and evaluated. By selectively inverting the water protons, the fat does not experience any inversion; therefore, no SNR penalty is imposed on the fat signal. The IDEAL technique is then applied to separate the water and fat components in the images.
The proposed spectrally selective inversion pulse is not expected to affect the calculations of the standard IDEAL algorithm because it only affects the magnitude of the signal while the IDEAL algorithm is based on the phase difference between the water and fat signals resulting from the off-resonance frequency shift between the two species. Other water-fat separation techniques could also be used with similar gain (21, 25, 26, 43) but were not studied here and warrant additional investigation.
A direct application of the proposed sequence is to image the fatty infiltration in chronic myocardial infarction. In contrast to the conventional approach that requires two separate scans, the proposed sequence provides the water-fat separation using only one scan. In addition to decreasing the scan time to almost half, the proposed sequence eliminates the spatial misregistration problem between the two scans and variation in fat signal suppression in LGE images.
Another application for the proposed sequence is for conventional LGE sequences at high magnetic fields, where fat suppression is challenging. Even with different fat suppression techniques that are deployed during LGE imaging, the recovering signal emanating from fat due to its short T1 relaxation time during the acquisition can hardly be avoided. The proposed sequence is well suited for such a problem because the fat signal remains almost constant during the acquisition and then is separated retrospectively from the water signal. During the study, we noticed that the fat signal was always easy to localize even before the water-fat reconstruction, which is attributed to the high SNR of the fat signal and the intentional suppression of the myocardium signal in LGE images.
Contrast-enhanced coronary MRI is emerging as the state-of-the art approach for noninvasive imaging of the coronary arteries (32, 44, 45) , especially at high magnetic fields where SSFP imaging sequences suffers from banding artifacts. An inversion recoverybased acquisition is always used in this application. Although the combination of an inversion pulse with spectrally selective fat suppression will reduce the fat signal, the suppression is not usually uniform and is Figure 4 . Fat and water images reconstructed, using IDEAL with three echoes, postcontrast injection in a subject using nonselective inversion (top row) and water selective inversion (bottom row). Images were acquired on two different imaging visits with identical imaging protocols and scan timing after contrast injection. Water-selective inversion leads to improved visualization of the fat signal around the heart (shown by arrows). The water image reconstructed using water-selective inversion sequence shows artifacts from breathing of the subject. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 5 . (A) first echo, (B) water, and (C) fat images from a suspected ARVC patient acquired using a water-selective IR. The presence of fatty infiltration in the RV free wall can be easily visualized in the water and fat images (highlighted in the magnified images). The fat signal can also be visualized in the firstecho images prior to water-fat separation.
prone to field inhomogeneities. Therefore, the proposed approach has potential benefits for contrastenhanced coronary MRI at high-field imaging.
Over the duration of data acquisition for 3D data, the contrast level in the blood pool will change. This will impact the optimal inversion time and could potentially result in imaging artifacts. We have chosen MultiHance (Gd-BOPTA; Bracco Imaging) for our experiment, which has favorable T1 kinetics over other imaging contrast agents (45) .
Our study has several limitations. We did not perform a quantitative SNR/CNR analysis in subjects with and without a water-selective inversion. This is due to the need for rescanning the subjects in separate visits, which is inconvenient for the subjects and not feasible for this study. We did not optimize the water-selective RF pulse; better pulse design to address inhomogeneity should be focused on especially for high-field imaging. We have only shown example images of the improvement achieved with the use of water-selective inversion. Further evaluation is needed in a larger patient population with suspected ARVC to evaluate the impact of this approach for improving the sensitivity and specificity.
In conclusion, the water-selective inversion pulse improves visualization of the fat signal in inversion recovery-based water-fat separation.
